Molecular Structure Determined by Gas Electron Diffraction
at High Temperature. Antimony Trifluoride

Takeshi UKA]JI and Hiroyuki UCHIMURA*

The interatomic distances and the mean amplitudes for SbF; have been determined by
the sector-microphotometer method of gas electron diffraction to be 7, (Sb-F) = 1.876 + 0.005

A, 7 (F .-

F) = 2.7440.03 A, I (Sb-F) = 0.066+0.007 A, I (F.... F) = 0.16+0.04 A. The

valence angle for SbF,, (/F-Sb-F)=94.54+1.8° is found to agree well with the proposal of
Morino et. al. The first cutoff point due to the phase shfit of electron waves scattered by

SbF, is observed to be about 63 in g-value.

Introduction

The molecular structure of antimony
trifluoride (SbF,) was first reported to be
7 (Sb-F)=2.08 A and the valence angle &
(/FSbF)=88° by A. Byston and A. West-
gren) but their results were from the
X-ray diffraction in solid state. However, no
information has been reported concerning
the molecular structure of this molecule by
the sector-microphotometer method of gas
electron diffraction. Moreover, it is difficult
to determine the molecular parameter pre-
cisely, because no available knowlege on
infrared spectra of SbF; has been given in
literatures. In the case of the tetratomic
trigonal pyramidal molecule (Cy, symmetry),
there are six potential constants in the
general quadratic potential function express-
ed in the usual distance and angle in terms
of the internal coordinates. The four observ-
ed infrared fundamental frequencies (two of
species A, and two of species E) alone are
insufficient for determining six potential
constants. The E species of the factored
secular determinant may be completely
specified with the two » (E) vibration freuen-
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cies and one Coriolis zeta constant, £, deter-
mined experimentally by an analysis of the
band envelope of the infrared spectra. The
centrifugal distortion coefficients D; and Dy,
from microwave spectroscopy provide suffi-
cient information for solving the force
constant problem of the totally symmetric
A species of the secular determinant.

Recently, Matsumura and Takeo? obtain-
ed the centrifugal distortion constants, D;
and Dj;, as well as the rotational constants,
B,. The molecular structure derived from
the observed rotational constants gives the
most accurate results in many cases, but
it includes the effect of the interaction of
the vibration and rotation. On the other
hand, the interatomic distances obtained
from gas electron diffraction method are the
thermal averages of instantaneous inter-
atomic distances. So the mean amplitude of
the interatomic distances provides another
route, which gives useful information to fill
up the lack of data for the evaluations of
the six quadratic potential functions.

One of the purposes of the present work
is to determine the molecular structure of
SbF, and find its quadratic potential con-
stants, and the other is to obtain informa-
tion of the scattering phenomena about that
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molecule which has atoms greatly differing
in atomic number from other atoms. The
phase shifts of the scattered electron waves
calculated by Bonham and Ukaji® and
Kimura and Konaka?® are tested for SbF,.

Experimental

A sample of commercial antimony triflu-
oride (SbFj), 989, in purity, was sublimated
three times under reduced pressure. Since
SbF; is strongly hygroscopic, it was treated
so carefully that it might become almost
completely free from moisture in all circum-
stances. A piece of purified sample was
placed in an oven having a high tempera-
ture nozzle which had been described in the
previous paper.’ For the purpose of tak-
ing photographs, the sample was heated to
about 200°C in the oven in order to attain
a sufficient vapor pressure, while the nozzle
heated to about 400°C to prevent the con-
densation of the sample gas on the nozzle
path.

Electron diffraction photographs were
taken with an apparatus equipped with a
73 sector at a camera distance of 10.702=+
0.004 cm. The electron wave length, 0.0569;
A, was calibrated with the diffraction pat-
tern of a gold foil.
apparatus was about 0.5x10-¢ Torr during
photographic exposure. Photographs were
recorded on Fuji Process Hard plates with
exposure times ranging from about 1.0 to
1.5 min., and were developed at 20°C for
5 min. with ED-131 developer diluted twice.

Several of photographs ranging from 0.2

The pressure in the

to 0.4 in optical density were obtained, and
the range of the scattering angle measured
was from 20 to 100 in g-value.

Analysis

The interatomic distances and their root-

mean-square amplitudes of SbF, in gaseous
state were determined from the diffraction
photographs by a procedure similar to that
usually adopted.®) The final results were
obtained by means of a least-squares analy-
sis of the molecular intensity curves, ¢M (g).
All of the calculations were carried out by
using the HITAC 5020 computer.

Molecular Intensity. Six on the photogra-
They
were scanned while being rotated rapidly
around the center of the pattern across the

phic plates were selected for analysis.

diameter of the diffraction pattern with a
In order to record the
fine details of the photographs, transmit-

microphotometer.

ancy range corresponding to the undulations
of the curve was magnified to about five
times of the original scale by utilizing an
amplifier built in the photometer. The
magnification ratio was determined by a
least-squares fit between the total scattering
intensity of the molecule of the magni-
fied curves and that of the original scale.
The photometer curves of the magnified
and original scales were measured at inter-
vals of g=1; a value taken from one side
of a curve was combined with the corres-
ponding value from the other side, and an
average was taken from point by point.
The distance, x(g), on the abscissa of a
photometric curve corresponding to the scat-
tering angle was calculated by using the
value of LA, which was obtained as LA,
from a diffraction pattern of gold foil cor-
rected by the method just described by the
previous work.’-® A linear relation between
the optical density and the intensity of the
scattering electron was assumed,® because
the optical densities of all the photographic
plates for analysis were less than 0.4.
After the intensity curve had been cor-
rected for the deficiency of the sector
opening, it was divided by a levelling func-
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Fig, 1. The best fit of the molecular intensity

curve represented by plotting the molecular
scattering intensity gM (g) as ordinates versus
the scattering angle given by g-value as abscis-
sae, The upper full line showsthe calculated
gM (q)*%¢°, and the dotted one shows the obse-
rved ¢M(q)°°, The lower curve gives the
difference between them, 7, e,
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Fig. 2. Radial distribution curve f (#) calcul-
ated by the best fit molecular intensity, The
full line is the calculated curve and the dot-
ted curve is the observed one,

tion, f(g¢), in order to obtain a levelled
intensity curve, Ir(g), which facilitated the
drawing of a background line, Ig(g). The
f(g) function was derived by a least-squares
fit of the intensity curve to a quadratic
function. The most probable background
line was obtained after two cycles of pro-
cedure of redrawing the line according to the
non-negativity criterionl® with respect to
the radial distribution curve f(#), in which
only two peaks were observed, one peak

showing the distance of Sb-F and the other
that of F----F in Fig. 2. The artifical
damping factor was so chosen as to reduce
the molecular intensity to one-tenth of the
original one at g=100.

@M (q) =qr(qg) —Is@)s(@) (1)

Phase Shift.
theoretical molecular scattering intensity, the

In order to obtain a correct

use of the complex atomic scattering fac-
tors of Ibers and Hoerni ) instead of the
first Born scattering factors, is necessary for
the interpretation of the electron diffrac-
tion pattern of SbF,;, which contains both
heavy (e.g., Sb) and light (e.g., F) atoms.
The effect of the phase angle difference of
the atomic scattering factors, the so called
phase-shift, had already been pointed out by
Schomaker and Gluber.1?)

orts in this connection have been made

Numerous eff-

theoretically and experimentally by many
workers.13-19)

According to the kinematical theory of
electron scattering the reduced molecular
intensity curve is given as;®

U ACHIVACH

M(s)=—2

%:['fe(s)klz-i-sk (s)/s4] cos [7; (s)

sin s
dr

2)

where terms f,(s) are the complex electron
scattering factors, S(s) is the inelastic scat-
tering for k-th atom, P,; is the probability
that the ¢ and j-th atom pair will be separat-

— <s)]j P (s)
0

ed by a distance » and s is the electron
scattering variable, and is given by s=4z/A
-sin (/2), where @ is the scattering angle
and A the wave length of electron. The
prime summation indicates omission of
terms for which 7=j and both sums are
carried out over all the atoms in the mole-

cule. The term cos[7;(s)-9;(s)] is the
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phase factor arising from the difference in
scattering amplitude between the
scattered from ¢ and j atoms. It may be
neglected if the difference in atomic number
between ¢ and j atoms is less than ten, but

waves

it can not be neglected in the case of SbFj
because the difference is forty two.
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Fig. 3. Comparison of the values of u;; cos

4n calculated by Bonham-Ukaji’'s equation
(full lines) and by Kimura-Konaka's (dotted
lines),

Fig. 3 shows the theoretical background
curves of the scattering intensities due to
the interatomic distances of Sb-Fand F- - - -F,
respectively. The cut-off point is found
to be about 63 in ¢-values at the point of
cos [Ansp-p(q)]=0, ie., dn==/2, in which
g=10/m s. It agrees well with the calculat-
ed value of 62.5 g by the equation of
Bonham and Ukaji.® The dotted curves
in Fig. 3 represent the same theoretical
curves by means of the recent calculation
of the complex scattering factors extended
to the atoms from Kr to Cm using the
Thomas-Fermi-Dirac potentials by Kimura,
Konaka and Ogasawara. These are very
close to the curves of the full lines in Fig.
3, so the use of both methods are supposed
to make no difference in the determination
of the molecular structure of SbF,,
Least-squares Analysis. The experimental

molecular intensities obtained from the six
plates were analyzed by the standard least-
squares method.2® The theoretical molecu-
lar intensity was calculated from the follow-
ing equation, which was obtained from the
Eq. (2) by changing the variable from s to

q as,

gM (q) =k Z.’Ai/ Wij cos 4n;; exp

s e el
Grefel] e

where % is the index of resolution, and

10 1 Z -2
s S
T Vi) %Zk(zk'—l)
by _
N 11 TR Sl
YRS F2+ TS, Z; Z;
k k (4)
1 oy 8
Kij = Gal ‘1 (1—}—8)2]’
h
EzeXp<k;) ®)

and all the other notations have their usual
significance. The final smooth background
curves and the corresponding molecular
intensity curves were determined, in accord-
ance with the non-negativity criterion, by
the Fourier inverse transformation of the
radial distribution curves.?) The determi-
nations by the least-squares method of the
structure were carried out by curve-fitting
the theoretical molecular intensity, gM (g)"*°,
to the gM (g)°%, with
a conventional weight function shown in
Fig. 4. The parameters refined by the least-
squares treatments were &, 7,(Sb-F), 7,(F

--F), and their associated mean amplitud-

observed ones,

es. The anharmonicity constants, «;; were
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Fig. 4. The weight function for least-squares
analysis,

calculated from the Eq. (5)2») assumng the
Morse potential with with the asymmetry
constants, 4, which has the dimension of
A-128) Although no appropriate method of
the estimation of «’s is available for non-
bonded atom pairs, it was estimated to be
one-third of the values from the Eq. (5) in
the diatomic case suggested by Kuchitsu.24
An ambiguity in «’s may be supposed to
have no significant influence on the final
structures in the present study.

The results of the least-squares adjust-
ment for the six plates agreed well with one

Table I. Results of the least-square analysis of

show the standard deviations.

another, as shown in Table 1. The final
values of the interatomic distance, 7,, which
is the center of gravity of the radial distri-
bution curve defined by the relation??)

rg =14 + 81, (6)

and the mean amplitudes are given in Table
IV. The total limits of the error were
estimated by following the procedure describ-
ed in the previous paper.2®)

Results and Discussion

One of the radial distribution curves is
shown in Fig. 2. The results of the least-
squares analysis of molecular intensity curves,
gM (gq) are listed in Table I. It may
be noted that the mean amplitudes derived
from the plates analyzed are fairly in good
agreement with one another in spite of the
large deviations in the indices of resolution.
A typical experimental molecular intensity
curve is compared with the best-fit theore-
tical one in Fig. 2. The correction from 7,
to 7g was 0.0030 A and 0.020 A, respective-
ly, for the Sb-F and F----F distances,

gM (q) of SbF;. The figures in the brackets

Tg Lij Index
Plate of
Sb-F F-F Sb-F F-F resolution
1 1.8792 2.7122 0.0676 0.1561 0.894
(0.0011) (0.0115) (0.0023) (0.0086) (0.014)
1.8711 2.8458 0.0646 0.1611 0.863
2 (0.0011) (0.0134) (0.0022) (0.0090) (0.014)
1.8739 2.7594 0.0662 0.1639 0.904
3 (0.0010) (0.0120) (0.0021) (0.0085) (0.015)
: 1.8781 2.7337 0.0631 0.1731 0.841
4 (0.0015) (0.0287) (0.0031) (0.0117) (0.019)
1.8782 2.7060 0.0679 0.1534 0.999
5 (0.0011) (0.0105) (0.0022) (0.0080) (0.014)
1.8800 2.6835 0.0623 0.1412 0.949
6 (0.0011) (0.0096) (0.0021) (0.0075) (0.016)
Mean 1.8766 2.7401 0.0654 0.1581 0.908
value* (0.0011) (0.0142) (0.0023) (0.0066) (0.015)

* The mean values are the simple arithmetic mean; the final results are obtained after the treat-
ments of the random and systematic error corrections for each plate.
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Table II. Errors in the interatomic distances.
Source of error (Sbr-i:') (F{‘-!-F)
Random:

2.5 a0 0.0023 A | 0.0065 A
2.5 o 0.0043 0.0068
Systematic:
Systematic: 0.0033 0.0051
scale factor 0.0033 0.0051
(0.13% )
weiuht 0.0055 | 0.0085
Limit of error 0.0055 0.0085

Table III. Errors in the mean amplitudes.
Source of error 1 1
(Sb-F) (F-F)
Random:
2.5 0.0031 A | 0.0058 A
2.5 0, 0.0045 0.0060
Systematic:
sample size 0.0010 0.0012
weight 0.0029 0.0029
scattering = 0.0018
factor
extraneous 0.0020 0.0015
scattering
0.0005 =
Limit of error 0.0065 0.0102

respectively. The deviations of the most
probable values of the bond length of the
Sb-F and F--..F are essentially negligible
when the complex atomic scattering factor
calculated by the method of Bonham and
Ukaji® is used in place of that calculated
by the method of Kimura et. al® The
estimates of the errors of the interatomic
distances and the mean amplitudes are sum-
marized in Tables IT and III, respectively.
The index of resolution was found to be
0.84+0.20. The limit of error, =+0.20, was
estimated from the random error of 0.14

(25X 0y), plus the systematic error, 0.06,
due to the uncertainties in the measurement
of the nozzle temperature.

Table IV. Final results of the molecular
parameters. (400°C)

Sb-F (A) F-F (A)

Tq 1.873+£0.005| 2.72+0.03

rg 1.876+£0.005| 2.74%+0.04

(LFSbF) (94.5+1.89)

2 (obs) 0.066+0.007 | 0.16+0.03
[} (cale) | 0.068 0.150

Table V. Molecular structures of Group V
trifluorides.

Molecule X-F (A) ZFXF (°)
NF3; 1.365 £0.002 | 102.37+0.04
PF3 1.570 £0.001., 97.8 +0.2 P

AsF3 1.7089+0.001s| 95.9 +0.4 ©
SbF3 1.876 +0.005 | 94.5 +1.8 @
1.879 £0.004 | 95.0 +0.8 ©

a) M. Otake, C. Matsumura and Y. Morino,
J. Mol. Spectro., 28, 316 (1968).

b) Ref. 6.

c) S. Konaka and M. Kimura, Bull. Chem.
Soc. Japan, 43, 1693 (1970).

d) Present work.

e) Ref. 2.

The final results of the molecular para-
meters are listed in Table IV. These
completely agree with the proposal of Morino
et. al.9 1In Table V, the molecular struc-
tures of trifluorides of the series of elements
of the Group V are cited for comparison.

The relation between the mean amplitudes
and force constants of a XY, type of
molecule (e.g., Cs, symmetry) has been dis-
cussed by Iwasaki and Hedberg?) for phos-
phorous trichloride. The general quadratic
potential function of antimony trifluoride is
described by a set of six force constants, for
example, by Iy, Fyy, Fy, for A, species; Fyg,,
Fyy, and F,, for E species, in terms of the
ordinary symmetry coordinates as defined
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in the reference.?®) They are related to the
force constants in terms of the internal
coordinates:

A, -species
F11=fr +2frr:

F12 = 2f19 +fr9l: (7_3)
Foo=fo+2f0';
E-species
F33 =fr —frr'y
F34 =fr _fre’; (7_b)

Foy=fo—fo';
where f, and fy are the stretching and bend-
ing force constants, respectively; and f,,,
foor, fror and f,q are the interaction constants
corresponding to the neighboring bonds
neighboring angles, neighboring bond and

angle, and opposite bond and angle, respec-

tively.
Table VI. Observed infrared spectra of SbFg*
(em™)
(obs) (calc)
Ajispeciec
Y 565 565.4
Ve 277 277.1
E species
Vs 535 534.8
V4 244 244.9

* Partly presented by authors at the 22nd
Annual Meeting of the Chemical Society of
Japan, Tokyo, March, 1969.

The four infrared frequencies, as in Table
VI, combined with the two observed mean
amplitudes, are sufficient for determining all
the six of force constants. It is important
to note that the values of the force con-
stants are restricted by a set of relations
realized by the four infrared frequencies.
This is due to the requirement that force

constants should be real quantities; this will

be shown below for the A, species. If the
observed frequencies, »; and »,, are substi-
tuted into the secular equation,

|IGF — X\ E|=0 8)

the following two equations will be obtained
for the three force constants;

A+ Ay = Gl + 2 GppFyp + Gy,
MAy = (GuGap + G1?) (FyyFay + Figd)
9)

where A;=(27 ¢ »;)2.. By eliminating one of
the force constants, say, F,, from above
equations, a quadratic equation for F;; and
F,, is obtained. Then, from the require
ment that F,; is real, F;, is limited to a
range such that —0.20<F,,<<0.20 mdyn./A.
The values of F;; and F,;, allowed were
determined by the above ranges of the Fj,.
Fig. 5 shows this situation. A similar
treatment was made in the case of the
degenerate vibrational modes of the E-

species.
T T T T T
0.6[ .
0.4 <
T 0.21 -
<
g
=
E
& o L(FF) ]
S~ 0.170A
o9l 0.160A
0.150A
1 | | 1 |
—0.4 ~0.2 0 0.2 0.4
B, (mdyn.A™)
Fig. 5. Correlation curve of Fg, versus F,, of

SbT,.

Since the number of unknown force

constants is six, correlation curves are obtain-
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Table VII. Force constants in symmetry
coordinates.
[mdyn-A™1]
A1 species E species
Fii 3.05%0.05 Fas  2.7440.07
Fi2 -0.1140.09 Fa -0.03+0.06
Fz22 0.36+0.08 Fu  0.2940.09

ed on the plane for F,, and Fj, from the
four frequencies and one mean amplitude.
Another set of four frequencies and two
mean amplitude give the other correlation.
Thus the force constants can be determined
as the crossing on the real plane of Fig. 5,
but the hatched area shows the probable
values of the force constants given from
the mean amplitudes which are compatible
with the infrared spectra in the same figure.
The values of F;, and F,, obtained are —0.12
+0.08 and —0.03+0.05 mdyn. /A, respectively.
The six force constants were subsequently
determined. The final wvalues obtained
are listed in Table VII. It is apparent that
these values are reasonable when compared
with those of the trifluorides of the series
of elements of the Group V, e.g., NF;, PF,,
and AsF;.2)

We would like to thank Prof. K Kuchitsu
and his research members for their helpful
discussions. Our thanks are also due to the
Computer Center of the University of Tokyo
for services.

References

1) A. Byston and A. Westgren, Arkiv.
Min., Geol. 17 B, No 2.

2) C. Matsumura and H. Takeo, “‘Symposium on
Molecular Structure’”’, Fukuoka, Oct., 15,
1969.

3) R.A. Bonham and T. Ukaji, J. Chem. Phys.
36, 72 (1962).

4) M. Kimura, S. Konaka,
ibid., 46, 2599 (1967).

Kemi.

and M. Ogasawara,

5)

11)
12)
13)

14)

16)
17)
18)
19)

20)

21)
22)
23)
24)
25)
26)
27)

28)

29)

Y. Morino, T. Ukaji, and T. Ito, Bull. Chem.
Soc. Japan, 39, 64 (1966).

Y. Morino, K. Kuchitsu, and Y. Moritani,
Inorg. Chem., 8, 867 (1969).

Y. Morino, Y. Nakamura, and T. Iijima., J.
Chem. Phys., 32, 643 (1960).

Y. Morino, and T. Iijima, Bull. Chem. Soc.
Japan, 35, 1661 (1962).

Y. Morino and Y. Murata,
(1965).

J. Karle and I.L. Karle, J. Chem. Phys., 18,
957 (1950). I.L. Karle and J. Karle, ibid.,
18, 1963 (1950).

J.A. Ibers and J.A. Hoerni, Acta Cryst., 7,
405 (1954).

V. Schomaker and R. Glauber, Nature,
290 (1952).

J. Karle and R.A. Bonham, J. Chem. Phys.,
40, 1396 (1954).

T.G. Strand and H.L. Cox, Jr., ibid., 44, 2426
(1966).

S. Konaka, T. Ito and Y. Morino, Bull. Chem.
Soc. Japan, 39, 1146 (1966).

H.M. Seip, Acta Chem. Scand., 19,
(1956).

R.A. Bonham and T.G. Strand, J. Chem.
Phys., 39, 2200 (1963).

T.G. Strand and R.A. Bonham, ibid., 40,
1968 (1964).

T. Oyamada, T. Iijima and M. Kimura, Bull.
Chem. Soc. Japan, 44, 2638 (1971).

K. Hedberg and M. Iwasaki, Acta Cryst., 17,
529 (1964). Y. Morino, K. Kuchitsu and Y.
Murata, ibid., 18, 549 (1965).

R.A. Bonham and L.S. Bartell, J. Chem.
Phys., 31, 702 (1959).

T. Ukaji and K. Kuchitsu, Bull. Chem. Soc.
Japan, 39, 2153 (1963).

E.R. Lippincott and R. Schroeder,
Phys., 23, 1131 (1955).

K. Kuchitsu, Bull. Chem. Soc. Japan, 40,
505 (1967).

K. Kuchitsu and L.S. Bartell, J. Chem. Phys.,
35, 1945 (1961).

Y. Morino, T. Ukaji and T. Ito, Bull. Chem.
Soc. Japan, 39, 71 (1966).

M. Iwasaki and K. Hedberg, J. Chem. Phys.,
36, 594 (1962).

E.B. Wilson, J.C. Decius and P.C. Cross,
“Molecular Vibrations”’, McGraw-Hill, Book
Comp. Inc., New York, 1955.
W. Levin and S. Abramowitz,
Phys., 44, 2562 (1966).

ibid., 38, 104

170,

1955

J Chem.

J. Chem.



